An experimental investigation of nonlinear elastic wave behavior was conducted using a 2-m-long cylindrical rod of Berea sandstone in order to study the strong elastic nonlinearity that is characteristic of microcracked materials. Measurements of the displacement field at distance x from the source show rich harmonic content with harmonic amplitudes depending on x, source frequency, and source amplitude. The amplitude of the 2to harmonic is found to grow linearly with x and as the square of both the source frequency ro and the source amplitude U. This behavior is in agreement with the predictions of nonlinear elasticity theory for a system with cubic anharmonicity. From the measured amplitude of the 2to harmonic the parameter Itel, a measure of the strength of the cubic anharmonicity, is found to be of order 104 (7.0)< 1034-25%). This value is orders of magnitude greater than that found in ordinary uncracked matehals. These results suggest that wave distortion effects due to nonlinear elasticity can be large in seismic wave propagation and significantly influence the relationship of seismic signal to seismic source.
exist in earth materials.-In this paper, we present the results of a laboratory study of harmonic growth in compressional waves as a function of amplitude, frequency, and propagation distance in Berea sandstone.
In Sec. I, we review the results of the theoretical description of acoustic wave propagation in a nonlinear material having cubic anharmonicity. We draw attention to the dependence of the amplitude of the 2to harmonic on source frequency, source amplitude, and the separation between source and detector. In Sec. II, we describe the experimental system. We present and describe the experimental results in Sec. III. We show qualitative evidence for the presence of nonlinearity in the response of the elastic system. Further, we show quantitative evidence that part of this response is due to enormous cubic anharmonicity in a)Permanent address: Department of Physics, University of Massachusetts, Amherst, MA 01003. the elasticity of the system. We determine the strength of the cubic anharmonic parameter B. We summarize our findings in Sec. IV. valid as long as the energy transferred from frequency w to its harmonics is a small fraction of the total energy. Note that a source at the origin of frequency co and initial displacement amplitude U generates a plane wave at frequency co with amplitude U and a second plane wave at frequency 2w whose amplitude grows linearly with the distance of propagation x, the square of the fundamental frequency co, and the square of the fundamental amplitude U. In our experiment, we test the distance, frequency, and amplitude dependence of the 2co harmonic in relation to the fundamental.
II. APPARATUS AND MEASUREMENT METHODS
The apparatus used in the experiments is shown in Fig 
III. RESULTS
The basic experimental observation providing evidence for the nonlinear behavior of the rock is shown in Fig. 3 . In Fig. 3 (a) we show the spectral composition of the displacement of the source transducer while being driven at 13.75 kHz. The five different curves correspond to five amplitudes of the source transducer varying over a factor of approximately 50. It is notable that, as the amplitude at the fundamental (drive) frequency was increased, the amplitude at frequencies other than the drive frequency remained very low (the 2(0 harmonic is down by approximately two orders of magnitude from the fundamental and no higher harmonics are observed). In Fig. 3 (b) , we show the spectral composition for the five drive amplitudes after the signal has propagated 58 cm (about three wavelengths) from the source transducer. Comparison of Fig. 3 (a) 
The inclusion of attenuation is considered by McCall. •8
The results in Fig. 3 (a) and (b) show spectral growth at the higher harmonics which are described by higher order terms in Eq. In future work, we will study nonlinear effects in three dimensions and eventually over the seismic frequency band at varying temperature and pressure. We are also in the process of conducting laboratory experiments with a parametric array that we hope can eventually be used in the imaging of the Earth. 
APPENDIX
The purpose of the discussion in this Appendix is to describe the influence of an (periodic) array of scatterers on the response of a one-dimensional elastic system. We include this discussion because the measured wave attenuation in the rod is orders of magnitude larger with the pinducers embedded in the rod than without the pins. We therefore accounted for the additional attenuation by use of the model described here. From McCall, •s we see that in order to describe this response we require the Green's function for the linear response (i.e., both linear elasticity and linear attenuation) of the system. We use this Green function to propagate the disturbance at x--0, due to the external source, into the interior of the system. There, because of nonlinear elasticity, this disturbance serves as an internal source. Thus we also need the Green's function to propagate the disturbance from the internal source to the receiver transducers. When the interior of the sample con- The computations required for the treatment of the problem at hand are essentially the same as those required to do the localization problem. 22 In Fig. A1 we show the amplitude at transducers 1-20 for elastic waves with frequencies of 5-25 kHz, Q= 50, propagating into a material having the elastic properties of our sample. The 20 scatterers, spaced 5 cm from one another, are taken to be regions of width w having velocity of sound c2 > C l. While this model of the probes is not intended to be precise, it provides a simple realization of the important features in the structure of the transfer matrices that must characterize the probes. We note that in Fig. A1 , while the intrinsic Q is of order 50, the apparent Q is of order 10. We also show the influence of frequency on the amplitude at detectors 1-20. Note that, as the frequency increases, so does the apparent attenuation due to scattering. At a fixed scattering sight, the amplitude, decaying on average more rapidly as frequency increases, fluctuates with frequency because of interference effects caused by the scatterers. These results are in qualitative and semiquantitative accord with experiment.
